Previous culture techniques are often ineffective for providing appropriate conditions to cells grown in vitro for efficient growth and maturation. However, the advent of microfluidic chips allows us to manipulate various factors from co-culturing cells to inducing shear stress and biochemical gradient. The above have all been effectively applied to stem cell engineering, allowing dynamic interactions with other cells and, as a result, acquisition of a more mature state. The introduction of both synthetic and natural hydrogels into the chip provides more precise in vivo-like biophysical and biochemical cues to cells, enabling better recapitulation of the in vivo-like physiological behaviors and further maturation of stem cells even to the scale of organoids. This review addresses fundamental roles of microfluidic chips and hydrogels and how hydrogel-integrated chip systems provide breakthroughs in advanced stem cell engineering.
Introduction
Decades of study in stem cell biology have significantly advanced our understanding and ability to culture various types of stem cells and control their behaviors in vitro. Although the recent advances have improved exploitation of various stem cell sources for regenerative medicine and better modeling of various tissues for precision medicine and drug screening, several important limitations have not been met yet, such as low differentiation efficiency, insufficient functional maturity, and weak correlation with physiology in vivo 1, 2 . Recently, the importance of the cellular microenvironment, including various biological, chemical, and even physical cues, for precise control of cellular behaviors has been emphasized [3] [4] [5] [6] [7] . The microenvironment surrounding stem cells, called stem cell niche, can greatly influence their behaviors [8] [9] [10] [11] . However, the conventional stem cell culture techniques often cannot provide proper microenvironments, which is one of the factors contributing to the limitations mentioned above.
Microfluidic chips, which deal with fluids that are geometrically constrained to a small volume, have been considered as one of the best candidates for reconstituting cellular microenvironments since they facilitate precise control and manipulation of microscale behaviors of the fluid to exquisitely regulate several factors within the microenvironment [12] [13] [14] . Many previous studies have shown the potential and benefits of using microfluidics for culture and control of stem cell behaviors through proper regulation of the microenvironment [15] [16] [17] . However, a microfluidic system alone usually provides only a two-dimensional (2D) environment, which is quite different from natural in vivo environments where cells grow in three dimensions. To overcome this problem, hydrogels have been introduced into the microfluidic systems to act as scaffolds and construct a three-dimensional (3D) environment. Hydrogels can not only facilitate 3D cell culture, but also provide various biochemical and biophysical cues attributed to their composition and mechanical properties, and have been considered as good candidates for recapitulating the cellular microenvironment 18, 19 . Thus, both microfluidics and hydrogels would synergistically promote the development of advanced cell culture and engineering techniques.
In this review, we focus on the roles and functions of the microfluidics system and hydrogel in the control and reconstitution of the cellular microenvironment including the stem cell niche. Furthermore, we present examples of hydrogel-assisted microfluidic systems to describe how both components can interact with each other and synergistically enhance the stem cell engineering beyond the existing limitations. We further demonstrate some emerging techniques for better recapitulation of the stem cell microenvironment using a combination of biomimetic hydrogels and microfluidic systems. These hydrogel-assisted microfluidic systems mimic the microenvironment where the stem cells reside and normally function in vivo by providing preferred cues or physiologically relevant conditions for each stem cell and even organoids, which enables them to efficiently differentiate into desired lineages and functionally maturate. These improved stem cell culture techniques will be essential for better understanding the stem cell response to environmental factors, which leads to advanced stem cell engineering that enables us to develop and utilize better cell therapeutics, disease modeling, and drug screening methods.
Roles of Microfluidic System for Cellular Microenvironments Microfluidic Chip for Spatial Arrangements of Cells
The microfluidic chips have been able to provide cells and tissues with environments of specific spatial geometry that closely resemble the in vivo microenvironment ( Figure 1 ) [20] [21] [22] [23] [24] . One type of study that takes advantage of the spatial geometry is the evaluation of cell-cell interactions. All types of cells and tissues/organs interact with each other in one way or another from long before the development during the embryonic stages 25 to wound healing 26, 27 . In accordance, the microfluidic chips allow fabrication of a specific geometrical environment and can accommodate various types of cells together in one integrated system, allowing for studying interactions between various types of cells. For example, Sances et al. have co-cultured induced pluripotent stem cell (iPSC)-der-ived spinal motor neurons with brain microvascular endothelial cells (BMECs) in a dual-channel polydimethyl siloxane (PDMS) chip, named as Spinal Cord-Chip 21 . The top and bottom channels were seeded with iPSC-derived spinal motor neurons and BMECs, respectively, onto each side of a porous membrane separating the two channels. Since motor neurons have been known to interact with a variety of cells such as endothelial cells and astrocytes postfertilization during embryo development 28, 29 , the electrophysiological measurements of spinal motor neurons showed markedly increased frequency of calcium transients when cultured with BMECs in the Spinal Cord-Chip.
Further advanced studies take full advantage of the ability to co-culture various cell types in desired spatial arrangement to model tissues and organs, which consist of several types of cells, on a chip that far better recapitulate in vivo functions. There are several previous studies that deserve honorable mention including the world's first lung-on-a-chip reported by Huh et al. 30, 31 . More specifically, the lung-on-a-chip was able to mimic the air-liquid interface within the lung by placing human alveolar epithelial cells and human pulmonary microvascular endothelial cells on each side of the PDMS membrane within the chip ( Figure 1A ) 32 . Other follow-up studies regarding blood-brain barrier-on-a-chip ( Figure 1B) 33 , gut-on-achip 34 , and eye-on-a-chip 35 have designed microfluidic compartments mimicking spatial cellular arrangement in each type of tissue, resulting in successful establishment of functional organ-on-a-chip settings.
Biophysical Shear Stress in Microfluidic Chip
In addition to spatial arrangement of cells, it is possible to manipulate the flow of fluid within chips 36 . Kappings et al. have demonstrated that various types of shear stresses can be induced by varying the micro-channel shapes for mechanical alignment of human umbilical vein endothelial cells (HUVECs) 37 . Another report by Ong et al. has demonstrated a method to fabricate a microfluidic chip that can promote spheroid culture using flow dynamics 38 . They introduced C-shaped surface grooves that can trap cells in a circular space once perfused into the Cgroove. They have confirmed that perfusion culture of hepatic spheroids maintained high viability and metabolic activities. Additional studies concerning the effects of shear stress on cellular physiology have all mentioned that shear flow within the chip induces the cell cytoskeletons to be highly aligned in different types of cells including keratinocytes 39 , endothelial 32,33,38,42,46,47 . cells 40 , and Main-Darby canine kidney cells 41 . A study reported by Naskar et al. has claimed that shear stress in microfluidic chip further leads to stem cell maturation by demonstrating that exposure of human mesenchymal stem cells (hMSCs) to laminar flow in microfluidic chip induced a significant increase in the levels of alkaline phosphatase activity and osteogenic marker expression such as bone morphogenetic protein 2 (BMP2), Runx2, and osteopontin ( Figure 1C ) 42 .
Biochemical Gradient in Microfluidic Chip
Cells actively respond to a spatial gradient of certain biochemical cues (e.g. chemokines 43 ) especially in their respective cellular niches 44 . Therefore, formation of biochemical gradients is a suitable approach to closely mimic the in vivo microenvironment. Chemical gradients can be stably generated in channels of microfluidic chips through laminar flow and diffusion 45 . Chemical gradients are often formed in T-or Y-shaped microfluidic channels by using two different laminar streams which come from each side of the inlet and meet in the intersection 45 . This setting causes chemicals in each stream to naturally mix and diffuse into one another, thereby generating a gradient of chemical concentration across the intersection. Indeed, Park et al. have utilized Y-shaped channels to examine the differentiation efficiency of neural progenitor cells exposed to the concentration gradients of either fibroblast growth factor 8 or BMP4 and sonic hedgehog ( Figure 1D ) 46 . Zhang et al. have used a different channel structure resembling a Christmas tree to generate a gradient of pollutant concentration and examined the inflammatory and cytotoxic damages on the bronchial epithelium ( Figure 1E ) 47 . Another type of gradient-generating microfluidic system depends on solely the diffusion of soluble molecules from one side to the other. Usually, the molecules start from the substrate reservoir on one side known as the "source" and diffuse toward the other side, the "sink". This results in a higher and lower concentration close to the reservoir and the sink, respectively, forming a gradient of biochemical concentrations between those two parts. Schwarz et al. have shown migration of dendritic cells towards a chemical gradient of chemokine ligand 21 that were formed and maintained by continuous diffusion 48 .
Hydrogel-integrated Microfluidics for in vivo-like 3D Microenvironments 3D Extracellular Matrix-mimetic Biochemical Cues
The microfluidic system mimics cellular microenvironments as stated above, but the microfluidic chip requires additional components (e.g. hydrogel) to reconstitute in vivo-like 3D format of microenvironments ( Figure 2 ). Previous studies on implementing hydrogels into chips have used hydrogels to simply coat the surfaces of the microchannels in the chip, which cannot fully recapitulate in vivo-like 3D microenvironments. Accordingly, this setting restrains cells from spreading in various directions due to limited cell-matrix interactions. In contrast, encapsulating cells within 3D hydrogels allows cells to bind to the porous 3D microenvironment and spread in vari-ous directions. Since many reports constantly claim that 3D-cultured cells in natural materials exhibit different phenotypic responses compared to cells confined to the 2D space [49] [50] [51] [52] [53] [54] , the transition from 2D to 3D in microfluidic chips could induce in vivo-like cellular behaviors similar to those observed in native tissues. Thus, microfluidic hydrogels can provide cells with 3D extracellular matrix (ECM)-like microenvironments, thereby boosting cell-ECM interactions essential for developmental processes and cellular functions [55] [56] [57] [58] . In the experiments conducted by Bang et al., the culture of primary neurons in 3D Matrigel under long-term hydrostatic pressure in a microfluidic device resulted in oriented neuronal outgrowth along the aligned ECM (Figure 2A ) 59 . In addition, circuits that consist of linearly aligned 3D neural bundles and synapses were successfully formed within the device. Likewise, another study performed by Han et al. established a microfluidic system to culture neural stem cells in 3D Matrigel/collagen matrix that induced effective differentiation of neural stem cells to neurons and astrocytes ( Figure 2B) 60 .
Stiffness Gradients for in vivo-like Biophysical Cues
While various reports have suggested that cells respond to stiffness 61, 62 , this factor could not be easily introduced in the chips. Since the stiffness of hydrogels can be controlled by the degree of crosslinking and polymer concentration [63] [64] [65] , 3D microenvironments with different mechanical properties can be easily reconstituted by incorporating hydrogels possessing different stiffness in the microfluidic chip. For instance, García et al. have generated a stiffness gradient of poly-acrylamide hydrogel in a microfluidic device by increasing the irradiation time with ultraviolet light from one side of the hydrogel to the other, where longer ultraviolet radiation resulted in stiffer hydrogel ( Figure 2C ) 66 . This study examined alteration in proliferation and scattering of Madin Darby canine kidney cells according to hydrogel stiffness in the device. Wang et al. have also generated stiffness gradient of alginate gels via crosslinking after inducing an alginate concentration gradient and showed a positive-linear correlation between alginate concentration and mechanical properties of hydrogels in a microfluidic device ( Figure 2D ) 67 . The study demonstrated that drug resistance of cancer cells (A549 cells) is dependent on hydrogel stiffness. Furthermore, Pedron et al. have established microfluidic hyaluronic acid hydrogel with a stiffness gradient in the device to study how it influences cancer phenotypes 68 . They found that the expression levels of hypoxia-inducible factor and angiogenic factors were much higher in glioblastoma multiforme within the stiffer region of the hydrogel. Overall, the introduction of hydrogels within microfluidic chips enables investigation for more comprehensive understanding of cell behaviors affected by the stiffness of 3D microenvironments.
Stem Cell Engineering through Hydrogel-integrated Microfluidic System

In vivo-like Biochemical Signals for Stem Cell Manipulation
The stem cell microenvironment consists of various soluble factors that mediate specific signals cascades and induce biological responses as well as ECM components that provide biochemical and structural support 69, 70 . Recapitulation of the proper microenvironment of stem cells to induce differentiation of stem cells to desired lineages and their functional maturation are possible through delicate control of biochemical and biophysical factors in the hydrogel-integrated microfluidic systems [71] [72] [73] . Producing in vivo-like pattern and concentration gradient of certain substances is relatively easy using microfluidic systems that can accurately control the flow of fluids and molecular diffusion. Using these advantages, Yang et al. have attempted to recapitulate in vivo-like paracrine signaling using a microfluidic array platform with 3D ECM hydrogel for elucidating the influence of paracrine signals produced from one type of stem cells to the others ( Figure 3A) 74 . Although the paracrine effect of hMSC on other types of cells has been studied, the paracrine effect in in vivo-like conditions has not been recapitulated well 75 . To this end, Yang et al. encapsulated human neural stem cells (hNSCs) in 3D collagen type I hydrogel to fill the central channel of the microfluidic device, while they cultured genetically-engineered glial cell-derived neurotrophic factor (GDNF)-overexpressing hMSCs on both sides of the channels. This arrangement enabled the culture system to mimic paracrine signaling between genetically-engineered hMSCs and endogenous hNSCs in the brain. According to the simulation conducted by mathematical modeling, this microfluidic system with collagen hydrogel could accumulate GDNF secreted from engineered hMSCs, which emulated physicochemical distribution and diffusion profiles of paracrine factors in a 3D microenvironment in vivo. In contrast, conventional 2D transwell platform did not show such in vivo-like profiles of paracrine factors. In addition, co-culture of hNSCs with GDNF-overexpressing hMSCs in this microfluidic system enhanced differentiation of hNSCs into functional neuronal cells while reducing glial differentiation. Thus, this system may be able to provide better prediction of paracrine signals from transplanted stem cells to control differentiation behaviors of endogenous stem cells in vivo.
The combination of microfluidics with engineered 3D matrix could reconstitute the spatiotemporally-controlled stimuli that drive morphogenetic processes in vivo ( Figure 3B) 76 . Tabata et al. designed a hydrogel compartment which is flanked by open reservoirs for generating diffusion-driven biomolecular gradients. The hydrogel compartment was biomimetically functionalized by generating gradients of im-mobilized biomolecules via Fc-ZZ coupling (interaction between Fc regions of immunoglobulins and binding domain Z) and source-sink diffusion within polyethylene glycol hydrogels in a microfluidic device. Mouse embryonic stem cells (mESCs) were 3D-cultured under exposure to gradients of leukemia inhibitory factor in the hydrogel compartment to manipulate their early fate choices and self-organizing characteristics. In this system, mESC colonies maintained pluripotency at higher leukemia inhibitory factor concentrations, while mESCs developed into apicobasally polarized epithelial cysts at lower concentrations. Spatially heterogeneous responses of stem cells could be induced in sub-millimeter environments by adjusting the local concentration of signaling molecules. Another study worth mentioning was conducted by Shi et al. where the ability of the microfluidic chip to form two directionally-apposed gradients of osteogenic and chondrogenic medium in the agarose gel were simultaneously utilized to differentiate hMSCs into both osteoblasts and chondrocytes 77 .
Tissue-specific Microenvironments for Stem Cell Engineering and Reprogramming
Reconstitution of tissue-specific microenvironment should provide not only unique patterns and concentration gradients of signal factors but also spatial compartment and biochemical ECM components to mimic specific tissues. Spatially controlled arrangement of different types of cells in tissues is critical for the cells to normally function and exquisitely coordinate and interact with each other. Microfluidic system with hydrogel can three-dimensionally compartmentalize a space into a desired geometry and arrangement by simply designing shape and structure of the chip for spatial separation and adjusting the fluid or hydrogel in the chip. Uzel et al. have developed a microfluidic platform that geometrically mimics the spinal cord-limb physical separation for closely recapitulating the structure and physiology of neuromuscular junctions by compartmentalizing two cell types ( Figure 3C) 78 . This system was designed to coculture motor neurons differentiated from mESCs and myoblast-derived muscle strips within a 3D hydrogel. Its compartmentalized geometry helps to effectively observe 3D neurite outgrowth and remote muscle innervation. Additionally, force sensors were integrated to this system, which facilitated assessment of muscle differentiation and contraction and even synapse function in a live, noninvasive, and quantitative manner. Providing certain environments more similar to actual tissues should be needed for enhanced differentiation or reprogramming into specific cell types and their functional maturation [79] [80] [81] . To this end, several attempts are being made to reconstitute a better ECM environment resembling the actual environment in the tissues. Jin et al. have demonstrated that a tissue-derived ECM hydrogel-assisted microfluidic system is suitable to meet this requirement ( Figure 3D) 82 . The brain tissue-derived ECM hydrogel was prepared by decellularization and solubilization of human brain tissues, which was then used for fabricating the brainmimetic culture system for direct reprogramming toward the neuronal lineage. Because decellularized tissue matrices highly resemble tissue-specific ECMs, they have been exploited in various studies that re-quire tissue ECM-specific matrix [83] [84] [85] [86] [87] . Similarly, the brain extracellular matrix (BEM) contained biomolecules like proteins and lipids that constitute native brain ECMs, which provided brain-specific biochemical cues for cultured cells. Fibroblasts with nonviral transfection of reprogramming factors cultured within 3D BEM environment were more efficiently reprogrammed into mature neuronal cells than in conventional 2D and 3D culture systems using collagen, laminin, and Matrigel. For further improvement of direct neuronal reprogramming, 3D BEM hydrogel was integrated into a microfluidic system (3D μBEM), since microfluidics can provide confined 3D microenvironments that accumulate and intensify paracrine and autocrine signaling for modulating cellular behaviors. The engineered 3D μBEM enhanced the generation of reprogrammed neuronal cells and significantly upregulated the expression of neuronal markers compared to other culture conditions. Furthermore, the reprogrammed neuronal cells from 3D μBEM were functionally mature and even exhibited improved therapeutic efficacy to restore neurobehavioral functions in the diseased animal models with ischemic stroke. Therefore, a biomimetic 3D matrix combined with microfluidics can synergistically emulate in vivo conditions by facilitating the reconstitution of more controllable spatiotemporal tissue-specific microenvironments, which can be applied to advanced stem cell engineering like direct reprogramming.
Dynamic Biophysical Cues for Stem Cells and Reprogrammed Cells
Almost all tissues in bodies are in motion, and various types of fluids continuously flow through the tissues to supply nutrients and remove metabolic waste products. The movements and flows may cause physical forces, which lead to various biological signals. These biophysical cues have been considered important for developmental and regenerative processes, and their importance is also emphasized in stem cell engineering 88, 89 . Especially, the physical cues and the control of nutrient supply are mightily important for the differentiation and functional maturation of some types of stem cells residing in several tissues that essentially require highly vascularized structures for their functions and coordination, such as liver and kidney. The continuous flow of blood through the vasculatures inside the tissues can directly and indirectly influence behaviors of stem or progenitor cells 90 .
For example, liver tissue consists of hepatocytes, endothelial cells, and other nonparenchymal cells, and all are needed for various hepatic functions. Because of this, primary hepatocytes alone cannot grow well in vitro, and stem cell-derived and reprogrammed hepatocytes would be functionally immature. To solve these problems, Jin et al. have introduced a dynamic culture platform using a microfluidic system that includes liver-specific ECM to generate mature reprogrammed hepatocytes and 3D vascularized hepatic tissues ( Figure 4A) 91 . Induced hepatic cells were efficiently generated by using decellularized liver ECM as a liver-mimetic cultivation platform to provide liver-specific biochemical cues. In addition, the induced hepatic cells were 3D cultured with HUVECs in 3D liver ECM hydrogels to generate vascularized liver organoid-like tissue constructs.
These 3D hepatic tissues were maintained under dynamic culture conditions where medium flow was induced within a pump-free perfusion-based microfluidic device. The fluid flow in the microfluidic device improved oxygen and nutrient supply and the exchange of waste even from the core of the 3D hepatic tissue, which leads to a more efficient cellular metabolism, thereby significantly reducing apoptosis and enhancing focal adhesions and cell-cell interactions. The well-organized vascular network of HU-VECs within the hepatic tissue was formed only in the presence of a fluid flow in the device. Overall, the generated 3D hepatic tissues were functionally mature to exhibit significantly improved metabolic functions, drug responses and sensitivity, which could be used for drug testing and screening. This study highlighted the importance of tissue-specific biochemical and biophysical cues by tissue-mimetic 3D hydrogel, 3D co-culture with vasculature-forming cells, and particularly a dynamic culture environment to induce normal hepatic phenotypes and functions.
In addition to the flow of fluid, stem cells receive various physical stimuli that influence their behaviors through mechanotransduction. Particularly, it has been reported that the differentiation and maturation of stem cells within several tissues that constitute the musculoskeletal system are greatly affected by the physical stimuli [92] [93] [94] [95] . Microfluidic devices can easily and exquisitely induce strains by regulating fluid pressure, through which the physical stimuli that are exerted on the stem cells within microenvironment in vivo can be provided. Seo et al. have developed a microfluidic bioreactor that can provide dynamic compression to stem cells in 3D hydrogels to investigate the combinational effects of biochemical composition and dynamic mechanical strain on stem cell behaviors ( Figure 4B) 96 . hMSCs were encapsulated in 3D gelatin methacryloyl (Gel-MA) hydrogels, which were introduced into the microfluidic devices. The bioreactor could apply cyclic compressive strains to the stem cell-encapsulated hydrogels. Overall, increased concentration of Gel-MA hydrogel interrupted the spreading of hMSCs, but the cell spreading increased by dynamic compressive strain. Osteogenic differentiation of hMSCs was also enhanced by higher dynamic compressive strains; the 42% strain group exhibited a significant enhancement in osteogenic differentiation compared to other groups. The combination of biophysical cues from dynamic culture conditions and biochemical cues from biomimetic 3D hydrogel by using a hydrogel-assisted microfluidic system can provide important microenvironmental factors affecting stem cell behaviors. 
Advanced Organoid Engineering Using Microfluidic Devices with Hydrogels
In vivo-like Physical Stimulation for Organoid Engineering
Beyond classical stem cell culture methods such as single and multiple cell type cultures with several engineering techniques in 2D and 3D environments, organoid culture technique has attracted significant interest in biomedical research, since the organoid can recapitulate better structural, cellular, and even functional properties of original tissues in vivo compared with the models made from existing cell culture techniques [97] [98] [99] . Nevertheless, organoids have al-so some points which need to be improved. For example, they have low reproducibility in size and shape, and it is hard to control consistent cellular positions within the organoids 100, 101 . Most importantly, they exhibit insufficient functionality and biological activities yet, although they can show better tissue-like characteristics than conventional 2D or 3D culture systems 102 . This is mainly because the organoids prepared with current protocols are usually not provided with proper biophysical and biochemical cues that are naturally offered within the in vivo microenvironment. A hydrogel-assisted microfluidic system can afford the potential to overcome these limitations of current organoid culture techniques by reconstituting a dynamic 3D tissue-like microenvi-ronment with well-controlled fluid flow.
Among several microenvironmental cues, shear stress is one of the most vital biophysical cues for development and functions of large cellular constructs and highly vascularized tissues with abundant fluid flow. As mentioned above, kidney tissue contains highly complex vasculatures essential for its renal function. In previous studies, in vitro modeling of kidney tissues has been impossible due to the lack of vascular structures and functional maturation of human podocytes 103, 104 . Kidney organoids derived from human pluripotent stem cells (hPSCs) could not also recapitulate the glomerular-and tubular-like compartments having vascularized structures and functionally mature renal cells using previous culture methods 103, 104 . Recently, an in vitro method for producing a kidney organoid containing mature podocytes and vascular network with perfusable lumens has been demonstrated by providing fluid flow using a microfluidic chip with ECM hydrogel bed ( Figure  5A ) 105 . The method used 3D-printed microfluidic chips that can induce controlled fluidic shear stress and thin ECM hydrogel layer consisting of gelatin-fibrin on the bottom of the printed chip. The developing kidney organoids derived from hPSCs were embedded into the thick layer of gelatin-fibrin ECM hydrogels in the microfluidic chip, and a peristaltic pump was used to direct medium flow into the chip at controlled flow rates. The adherent gelatin-fibrin hydrogel layer could help peripheral expression of vascular markers of the organoid to be upregulated within 1 week, compared with other nonadherent matrices. Enhanced formation of vascular networks consisting of vascular marker-expressing cells within the organoids was induced when they were superfused under a high fluidic shear stress. Furthermore, the vascularized kidney organoids cultured under fluid flow were found to contain more mature podocytes and tubular compartments with improved cellular polarity and increased expression of mature markers compared to the organoids generated under static culture. These results suggested that proper culture matrix to mimic ECM and shear stress by fluid flow are the key factors to generate better organoids with their own cellular compositions and structures, and sufficient cellular maturity for their own functions. Based on these criteria, the combination of ECMbased hydrogel and shear stress condition using fluidic devices has also been applied to improve the vitality and neurogenesis of human midbrain organoids derived from human neuroepithelial stem cells 106 .
Besides the enhancement of structural organization and functional maturation of organoids by providing shear stress using microfluidics, reconstitution of the natural motility of tissues is needed for more accurate modeling of the tissue physiology using the organoids. For instance, tissues in gastrointestinal (GI) tract consist of lumens with peristalsis. The peristaltic movement causes luminal flow of the fluid in the GI tract, which is closely related to normal functions of the GI tissues. Thus, a bioengineered platform to culture organoids with peristaltic luminal flow would be one of the best candidates to better model in vivo GI functions. Lee et al. have reported a microfluidic platform that can introduce peristaltic luminal flow into cultured human gastric organoids (hGOs) and optically image the physiological phenomena within the hGOs like luminal delivery ( Figure 5B) 107 . The hGOs encapsulated in 3D Matrigel were cannulated by borosilicate micropipettes connected with tubing to a peristaltic pump, through which the fluorescent dye-labeled dextran could be delivered through the lumen of the hGOs. This system can also introduce rhythmical stretch and contraction to the organoids, mimicking natural gastric motility. With the peristaltic human stomach-on-a-chip platform, in vivo luminal flow through the stomach could be recapitulated, which exhibits the potential for robust culture of hGOs with long-term delivery and monitoring of luminal agents like nutrients or drugs. Another study also suggested a gut organoid flow chip that can establish a liquid flow through the luminal space of human intestinal organoids to recapitulate the luminal flow for physiological mass transfer of luminal and extraluminal contents 108 . Accordingly, a dynamic organoid culture platform using a microfluidic system reminiscent of the unique motility of the tissue can contribute to a more accurate modeling of the in vivo physiology of tissues with motility.
Sensor-integrated Microfluidics for Organoid Monitoring
In addition to the advantages of the microfluidic systems mentioned above, the device platforms can be equipped with various electronics for sensing biomolecules and monitoring cellular behaviors. Furthermore, the platform can offer compartmentalization and assembly in several modules. Using these advantages, a multisensor-integrated human organon-a-chip system that provides real-time sensing and automated in situ monitoring of organoid behaviors has been developed ( Figure 5C) 109 . Conventional cell culture techniques for personalized medicine and drug screening have some limitations to accurately reflect biological and physiological phenomena since they usually include cells or organoids corresponding only to a single organ. To overcome these limitations, this organ-on-a-chip system introduced multiple organoid models connected through microfluidics in the same order as they are naturally arranged for recapitulating multiorgan interactions and physiology in vivo. Furthermore, this system contained multiple sensors not only for automated in situ optical monitoring of the organoids, but also for real-time sensing of various biophysical and biochemical parameters within the 3D ECM hydrogel-based microenvironment where each organoid was cultured.
Human heart-liver-on-chips are taken as an example of applications using this system, since each organoid model alone cannot recapitulate all biological functions and their outputs in bodies. Liver and cardiac organoids were 3D encapsulated in Gel-MA hydrogels and Gel-MA-fibrin hydrogels, respectively and cultured in different microfluidic chips. Normal cellular behaviors of the generated organoids such as albumin secretion and heart-like beatings could be confirmed by multiple sensors in the automated organ-on-a-chip platform. The bioreactor modules were linked together with other parts of the system in a biomimetic manner, where acetaminophen was administered as a model pharmaceutical compound. Therefore, the dual-organoid system could noninvasively detect changes in several biomarkers related to hepatotoxicity in a dose-dependent manner and the slightly reduced beating rates of cardiac organoids Figure 6 . Hydrogel-integrated microfluidic system for efficient manipulation of cellular behaviors by providing in vivo-like 3D microenvironments with appropriate biochemical and biophysical cues, ultimately leading to enhanced differentiation, functional maturation, and structural organization of stem cells, reprogrammed cells, and organoids. upon acetaminophen treatment, which is consistent with the clinically reported outcomes. Therefore, an integrated organ-on-a-chip system that uses microfluidics with multiple 3D organoids, 3D ECM hydrogels, and various automated sensors can provide a great potential to dramatically improve the performance of organ-on-a-chip models in fundamental biological research and practical drug screening.
Conclusions and Perspectives
In this review, we discuss several roles and the synergistic interplay of microfluidic systems and hydrogels for reconstitution and control of the in vivo-like microenvironment for stem cell engineering. Furthermore, this review summarizes the recent progress in the hydrogel-assisted microfluidic systems for advanced stem cell engineering. The introduction of a proper hydrogel into a unique microfluidic system can provide cell-and tissue-specific biophysical and biochemical cues for the stem cells, which facilitates efficient manipulation of their behaviors such as differentiation, functional maturation, and even organization ( Figure 6 ). The improvement in the manipula-tion of stem cell behaviors using hydrogel-integrated microfluidic systems directly leads to accurate recapitulation of various biological and physiological phenomena in development and diseases, and efficient manufacture of the desired stem cell therapeutics with enhanced regenerative potentials. Therefore, we expect that these strategies based on the effective recapitulation of the stem cell microenvironment through combination of hydrogels and microfluidic systems will help us to better understand stem cell biology, including lineage specification, reprogramming, mechanotransduction, and even developmental process, as well as facilitate practical applications using stem cells and organoids for disease modeling, cell therapy, and tissue engineering.
